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Dynamic properties of bacterial 
flagellar motors 

Tethered bacteria 1 rotate at the angular velocity at which 
ine torque generated by the flagellar motor 2 is balanced by 

wh t0r ?] IC dU0 t0 thc viscous dra ^- 1,1 g^eral, M = bvU, 
nere M is the torque. v is the viscosity, ft is the angular 

anH+u ? nd 6 is a coefficient which depends on the size 
2a !i pe of the ( ' e11 ' the l )osition o f the axis of rotation, 
»na the distance between the cell and the wall. For a sphere 
w radius a (not too close to the wall) M = 8^(1 (ref. 3). 
iscous forces arc so large in comparison with inertial forces 4 
at n wjll change with M virtually instantaneously; any 
^continuities in the one will be evident in the other. Con- 
an«i ° f r:id,us a and uniform density P rotating at an 
will 7 vdoci, y a *> if it5j mot o r is suddenly disengaged, n 
and S CBy ns P onen,w| y t0 0 with a time constant pa*/l$ v , 
coli ti Cdl wdl stop in ^VlSiy radians. For Escherichia 
is k- S 1S Ie5 * than a rni,jionth of * revolution. Thc cell also 
onlv-r 60 ! 1 t0 rot;,tioilaI diffusion, but this will be evident 
the o ii C0U l lhn K between the flagellum and the bodv of 
lar S flu,d - The r oo ( -"iean-square deviation in the angu- 
Position is (2Dt)»\ where D is the rotational diffusion 
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Fic. 1 The rotation of a polyhook mutant bound to the too 
W|n /otS 016 tnddng chamber. The cell rotated clock- 
wise (CW) at 65 r.p^, and then counterclockwise (CCW) 
r *t 5 : *f ? y elo 2^ Iags ^e V velocity for CW 

EmjF !f ft<?s "irSf-?^ rotation; 1116 phase shift is 

90 .) ^ coZ& strain MS1381 was grown on minimal medium 
conuunmg glycerol as described by Silverman and Shnon? 
^c 6 k * W1C , e S Jt 5^ solu , tion containing 10-^ M potassium 
phosphate (pH 7.0) and 10"* M ethvlenediamine tetra- 
acetate, and suspended m a similar medium containing 0067 
M sodium chloride (10* cells ml"*). Antipolyhook antibody 
was added to a dilution of 1:20,000, and the window was 
immersed in this mixture. It was removed 20 min later and 
inverted onto the top of a tracking chamber (filled with 
the suspension medium). The cells were tracked at 32*C 
The microscope readout voltages (ref. 5, Figs 1 and 5) were 
amplified differentiated, and displayed on a strip-chart 
recorder. Thc frequency response of this system was checked 
with sine waves of amplitude 0.05 and frequency 20 times 
that of the signals which generated the recording shown 
m the figure; the test signals were readily detectable. Note 
that thc signals generated by the rotation of the cell are 
completely smooth. 

constant and t is the time. For a cell which can rotate freely, 
D = kT/br), where k is Boltzmann's constant and T is the 
absolute temperature. 

The rotation of E. coli can be monitored with the tracking 
microscope 5 , which follows the point on the surface of the 
cell closest to the centre of the laboratory reference frame. If 
tho cell rotates counterclockwise (O > 0), thc transducer 
traces out a counterclockwise path. If thc cell is seen from 
the side and is tethered near one end, the x and ?/ velocities 
of thc tracker vary with time roughly as risinftt and 
-Qcosn* (Figs 1 and 2). The exact shape of the waveform 
depends on thc size and thc shape of the cell and on the 
position of the rotation axis. 

Thc motion can be remarkably smooth. If the motor makes 
one revolution in « discrete steps, I conclude from data of 
the kind shown in Fig. 1 (for cells rotating as slowly as 
4 r.p.s.) that n £ 25. This probably rules out the mechanism 
envisaged earlier 2 , in which a cycle is executed when each of 
three (or more) cross bridges takes nine steps. This mecha- 
nism could explain the data only if the motions of the 
different cross bridges were highly synchronised. If the re- 
sponse time of the tracking and recording system is t, then 
the root-mean-square deviation in fi due to rotational diffu- 
sion should be of order (2D/ T y f \ Under the conditions of 
the experiment (r - 10-* s ), the value of the deviation 
expected for a freely rotating object the size of E. coli is 
about 6 8T l . The data are much smoother than this (Fig. 1), 
so the coupling between the fiagellum and the body of the cell 
is not fluid. 

Changes in the direction of rotation 1 occur smoothlv, vet 
abruptly (Figs 1 and 2), and they occur at different points 
in the cycle (Fig. 2 and data obtained with the polyhook 
mutant, not shown). Thc data at hand are consistent with 
a model in which the reversals occur at random". The angular 
velocities for clockwise and counterclockwise rotation are 
generally different (Figs 1 and 2), but this does not necessarily 
mean that the dirve is asymmetric. When the motor reverses, 
thc torque applied to the hook and the filament changes 
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F?G ^ 2 T ] ie L rotation of a wild type cell bound to the too 

cell changed direction su times; it ran 71 cycles CCW at 
135 ± 02 r.ps. and 28 cycles CW at 12.4 ± 0 .8 r.ps. 
The reversals occurred at different points in the cycle The 
ceU was followed for a total of 6 min; the interval showr! 
is tyjjical of the entire record, except that the cell stopped 
occasionally for about 02 s and then started a^nTthe 
same direction E. coh etrain AW405 (ref. 7) was grown! 

LartnW^lsA^ ed t0 ^ e Wind0w by * e methods of 
l^arsen el <U* Other conditions were as described in Fig. 1. 

sign; if either one changes its shape, the orientation of the 
cell (and thus the load) may be different. Note that the 
amplitudes of the signals (Fig. 1 or Fig. 2) are larger when 
the frquencies are lower. 

Cells which rotate with larger radii of gyration tend to 
rotate more slowly, which implies that the motors slow down 
with increasing load. This was confirmed quantitatively in 
experiments with the polyhook mutant in which CI was 
measured as a function of v (Table 1). When the motors 
run more slowly, they deliver somewhat more torque but less 
power. Since the torque is approximately constant, a cell 
tethered by an inert structure, such as a pilus (the point of 
attachment assumed fluid), and driven by a free helical 
filament (rotating rapidly on the opposite side of the cell) 
should rotate at about the same rate as a cell tethered by 
the flagellum itself (the point of attachment assumed rigid) 
I have seen this with wild type cells: in the absence of 
antibody, as many as 90% spin the wrong way (at the usual 
rates but predominantly clockwise on the slide, counter- 
clockwise under the coverslip). As Silverman and Simon 1 
note m the accompanying report, a distinction between rota- 
tion and other means of propulsion cannot be made with 
tethered cells unless they are non-motile when free 

Cells rotate perfectly well at high osmotic pressures even 
when visibly plasmolysed (experiments with the polyhook 
mutant m 0.25 and 0.50 M sucrose). When the osmotic 
strength is increased, some cells slow down, but most continue 

Tabus 1 Changes in angular velocity, torque and power 
dissipation resulting from changes in viscosity 



Relative change in viscosity 2 42* 

Relative change in angular velocity 0 . 50 ± 0 08 
He ative change in external torque 1.21 ± 0*19 
Relative change in power dissipation 0.61 ±0*22 



2.31f 
0.51 =fc 0.09 
118 ± 0.21 
0.60 ± 0.19 



aS^u 7- en li te £ hered , to microscope coversJips by the method 
Uills rotating at uniform rates (0.3-3 r.p.s.) were clocked fnr 

mliSf J m ethylcellulose (Dow Methocel 90 HG), and the measure- 
ments were repeated. Since the cells had different shapes mfd s i ^ 
and were tethered in different ways, the restive dSiSf fn ft 

we're comnV/^ 6 « D &Ild » Ul€ ^ SfiWkM 

from f0F e ^ G) i Cel1 se P ara tely. The data were obtained 

cXu4 TnT R ?L5«!!^ m . ea ? urem f ^ on ten cells from four 
Duted Thv „j£? dliTd d ? v,at l ons shown in the table were com- 
puted by weighting each pair of measurements emiivHv T)L 

jar' 6 dClermi " ed ttt 32 ° C ^rrCalfno?U&ohde 
*0.77Cto 1.88 cP. 
t 1.88 to 4.35 cP. 
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1°1 ? Pid)y ( ° in Ule rangc «P«W from change ^ 

stop These effects are reversible. The results are consist 
with those obtamed by Vaituzis and Doetsch'M', wtoftS 
hat flagel ated epheroplasts swim in a medium hoLT u 
the q, oplasm provded that they retain remnant of tj 
mU I wall Severe plasmolysis may cause reversible disrupt 
of flagellar basal structures". "'»™Piion 
A model for a flagellar motor is presented in Fie 3 Th. 
motor operates with two rings (the M and S rings), sinl 
only two have been found in Gram positive bacteria" SE 
have been .dent.fied in Gram negative baeteria" but th 
outer pair probably serve as part of a bushing retired fo 
passage of the rod through the multilayered wall The M 
nng has been shown to be associated with the cvtonlas ni^ 
membrane in both Gram positive and Gram negaSe* 
but specific attachments of the S ring to known cell envelop 
structures have not been found. The motor must be attach* 
to the wall somewhere, or else the torque which it can e «! 
era e cannot be app bed. If the rings are pulled away from^he 
wall" or ,f die waU is dissolved away", the rings may con! 

S the IT * * ^ a "° ther ' but the * W ' U ™ 

Lubrication does not seem to be a problem, the reason 
bemg that everything is very small. I have computed Se 
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Fic. 3 A schematic representation of a flagellar motor 
The rod is connected to a filament by a proximal hook 
(not shown). The torque is generated between the M ring 

thf HlS S / nng ' T hG M nng ' which is counted rigidly on 
the rod connections not shown), routes freely in tSe 
cytop asmic membrane. The S ring 'is mounted ^the wall 

Zt^ ° f - the rod i 8 W nn V nd inner and outer 
S?i it h fu. n t ngs are ? nm and 112 nn, respectively". 
(The wall thickness and the space between the M and S 
rings are not to scale.) 

torque due to the viscous shear in the space between the 
rod and the wall and in the space between the M and the S 
"u™ a " d a PP roximated the torque due to the rotation of 
the M ring m the membrane by half the torque on a sphere 
of similar radius. If the passage through the wall is 20 nm 
long, the gap between the M and the S rings is 0.5 nm thick, 
and the viscosity is 1 P (see Fig. 3 for the other dimensions), 
the internal drag is only 3 X Hh* times as large as the drag 
on the body of the cell. 

The motor must bear both axial and radial loads, since 
the rod in a pentrichously flagellated bacterium rarely lies 
along the direction of motion. The forces are of order 6Wt>, 
where a is the radius of the cell (approximated as a sphere) 
and v is its speed; that is, of order 1<H dynes. When as 
intact cell swims in a dilute solution, the axial load is more 
than balanced by osmotic pressure, which forces the M and S 
rings out against the wall (a force of order 1(H dynes) ■ when 
a spheroplast swims in a medium isotonic to its cytoplasm, 
the axial load is not balanced in this manner. As noted above, 
the coupling between the flagellum and the body of the cell- 
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is not fluid, so the axial and the radial loads can be borne at 
the point of contact (between the M and the S rings). 

How is the torque generated? Larson el al™ have found 
that an intermediate in oxidative phosphorylation (but not 
ATP) is required for motility in E. coli. This suggests a 
mechanism in which the movement of one molecule down 
an electrochemical gradient (through the membrane) causes 
another molecule to exert a force on the S ring in a direction 
parallel to its face but normal to its radius. A force in the 
opposite direction could result from a change in the coupling 
between these molecules or from the action of an independent 
set. Since the power dissipation for an E. coli spinning 10 
r.p.s. is of order 1(H« erg r-> and the energy which can be 
gained from the tran.sk of one molecule through the mem- 
brane is of order JO- 33 erg, H) 3 such events could drive the 
cell through one cycle. The individual steps would be too 
small to be seen in the present experiments. 

I thank Mclvin Simon and Steve Larscn for mutants, 
antibodies and communication of results before publication,' 
Pat Tedesco for technical assistance?, and Edward Purcell for 
comments on the manuecript. This work was supported by a 
grant from the US National Science Foundation. 
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presence of HCN in Chlorella vulgaris and 
lts possible role in controlling the 
eduction of nitrate 

Nitrate reductase of Chlorella vulgaris is present in crude 
xcZa tS , mam, >' 1,1 an ""active form 1 - 3 which mav be con- 

ned to an active form by the addition of an artificial 
low m i "i 11 ™ fcrricvflnkl ° 4 - In crude extracts from which 

w-molecuJar weight substances have been removed bv eel 
^ration added NADH (or NADPH) causes a rapid* con- 
activ t ;,Ct,Vr forni of nilrn1 ° wl"rta» to the in- 

an n! + nnn - Um<hi and coworI <ors have also observed 
and rS j IVal,0n of th ° !li,rn< ° rvducU ^ ^om Chlorella fvsca* 
molpJ U } dQm y (hm>ttait rcivhardv by added NADH. A low- 
Chlllx WtM * rhl frarlion s n>^aled from crude extracts of 
rediiPt m ! J{}ans r:n,S(ls an inactivation of nitrate 

treatS 80 C " nMnl lmrk 10 1he cxtr:,cl w, » rh hmi 
column . 1 f(>rr,r >' !,m ^ nnd pwwl through a Sephadcx 
mn to remove excess reagenl". 3n all cases the enzvme 

cya n iH e 4 r r C ^ VnlCfi hy ,hr :Kldilio " of the oxidant, ferri- 
ua e~. On purification of the enzvme, Sulomonson* 
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found that two substances must be present, simultaneously 
to cause the reversible inactivation; (1) a reducing sub 

IE™ rS flbly ^ ADH * and (2) a substancc «^'b5J5i 

like HCN. The molar concentration of HCN needed to effect 
ft rapid and reversible inactivation of the enzvme was of 
about the same magnitude as the enzyme concentration 
Thus activated, suitably purified nitrate reductase with 
added excess NADH, provides an exceeding sensitive 
though non-specific test for HCN, as shown in Fig 1 

Although this bioassay coidd not be applied directly to 
extracts it could easily be used to show that distillates 
prepared from Cldorella cells, or from extracts of CldoreUa 
cells, contained something which behaved like HCN The 
concentration of the unknown substance could be increased 
by redistillation until it came within the sensitivity ranee 
of specific chemical tests, which showed that the substance 
was indeed, HCN. After many preliminary experiments 
conditions were found for obtaining sufficiently high HCN 
concentrations in the first distillate to come within the 
range of a chemical test as well as of the bioassay. The 
results of a scries of such experiments, given in Table 1 
show that the amount of HCN which could be obtained 
from freshly collected Cldorella cells was somewhat greater 
than the amount of nitrate reductase present in the cells 
Thus, the quantity of HCN found can account for the fact 
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Fie. 1 A calibration curve for the bioassnv for HCN The 
percentage mactavation of nitrate reductase Is ploUcd'on a 
log scale against the initial HCN concentration. Incubation 

wRm u NADH, and the indicated concentrations of 
Uv Li'Z ? UP *- ?? 0 C - Th0 in " ct ivation was initiated 
i». , addition of activated enzyme to a concentration of 0.86 
units ml;* After 6 min f niiquolH were added to the enzvme 
assay mixture and activity was assaved as previously de- 
^ aw A ^J 11 " 10 !. inactivation mixture without cvinide, 
ga\e 95/n of the initial activity. This was taken as 100% 
tZiu)? upv . 0f U,,! P"^ 0 ?^ inactivation. It is essential 
' maSS « bn ro,novoci from tlic enzyme )>reparation. so 
• A T n n,ono plV0S a negligible inactivation. The prep- 
a rat ion of the enzyme is described elsewhere' 1 . Thr sensitiv- 
ity, of this bioassay can bo increased by decreasing the con- 
centration of enzyme. 



